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Abstract 

I present results of a heavy hadron chiral perturbation theory analysis of the decays and masses of 
the recently discovered excited charm mesons. The present data on the electromagnetic branching 
ratios are consistent with heavy quark symmetry predictions and disfavor a molecular interpretation 
of these states. I also discuss model independent predictions for the strong decays of pentaquarks 
in the 10 representation of SU(3) which can be used to constrain the angular momentum and 
parity quantum numbers of these states. 
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I. INTRODUCTION 



In recent years there has been a resurgence in hadron spectroscopy as many experiments 
have reported evidence for new hadrons. Examples include excited charm strange mesons 
D sQ (2317) [land D sl (2460) B, their nonstrange partners 0,313, the exotic pentaquarks 
9+ 0, E Q and G c (3099) j|, the new charmonium state X(3872) HGHE! and doubly 
charm baryons The status of these various hadrons varies greatly. For example, the 
D s0 (2317) and D s i(2460) are firmly established [l3[ while the existence of pentaquarks is 
quite controversial. 

In this talk, effective field theory methods are used to obtain model independent pre- 
dictions for the properties of the excited charm mesons as well as pentaquarks. These 
predictions yield qualitative insight into the nature of the novel states. Heavy hadron chi- 
ral perturbation theory (HHxPT) jlil . [Til 16l |. which synthesizes heavy quark symmetry 
for heavy mesons and the spontaneously broken chiral symmetry which governs the low 
energy interactions of pions, can be used to make predictions for the electromagnetic and 
strong decays of the D s0 (2317) and -D s i(2460). These predictions can be used to test the 
hypothesis that the _D s o(2317) and D s i(2460) are molecular bound states of DK and D*K, 
respectively |l7j. I also discuss the puzzle of the SU(3) splittings of the excited states and 
attempts to address the pro blem within HHxPT [lil Il9j . The successful prediction of parity 
doubling models [13, 21.1221. 23| that the hyperfine splittings of the excited and ground state 



heavy meson doublets are equal is shown to be robust at the one-loop level [19j. Finally, 
heavy baryon chiral perturbation theory |24j is extended to include pentaquarks and used 
to make parameter free predictions for certain ratios of two-body decays which constrain 
the angular momentum and parity quantum numbers of the exotic states |25j . 



II. ELECTROMAGNETIC AND STRONG DECAYS OF D s0 (2317) AND £> s i(2460) 

The discovery of -D s0 (2317) (lj and (2460) M came as a surprise because quark mod- 
els ji^, li?} as well as lattice calculations jH, 123. l30j predicted that these states would lie 



above the threshold for kaon decays. If the J p = + and J p = 1 + charmed strange mesons 
were above this threshold, they would have been rather broad resonances. In fact, the 
-D s o(2317) and _D s i(2460) are about 40 MeV below the threshold for decay into DK and 
D*K, respectively. The only kinematically allowed strong decays are _D s o(2317) — > D s tt° 
and _D s i(2460) — > D*tt°, which violate isospin. Therefore, the states are quite narrow: 
r[L> s0 (2317)] < 4.6 MeV and r[D sl (2460)] < 5.5 MeV 0. Allowed electromagnetic decays 
are 

D sl (2460) -> D* sl , J D sl (2460) -> D sl , £> s0 (2317) -> D* sl , 

while the decay D s q{2311) — > Ds'-f is forbidden by angular momentum conservation. 

To date only the decay D s i(2460) — > D s ^ has been observed. Belle has observed the 



decay Z) s i(2460) — > from D s i(2460) produced in the decays of B mesons j3l| and 
from continuum e + e~ production |32f | . The BaBar experiment has also recently reported 
observing this decay |33j. The electromagnetic branching ratio obtained by averaging the 
three experimental measurements is shown in the first column of Table 1 along with upper 
bounds on the unobserved electromagnetic branching ratios from the CLEO experiment j2| . 
(The Belle collaboration quotes weaker lower bounds for these ratios (32^.) 
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Expt. 



Molecule 



HQS 



T[D sl (2460)- 




T[A sl (2460)- 


+D*ifi\ 


r[£> s i(2460)- 




T[ J D sl (2460)- 




r[Aso(2317)- 





r[Aso(2317)^D s 7rO] 



< 0.16 3.23 (1.08) 0.32 ±0.05 ±0.10 
0.39 ± 0.06 2.21 (0.74) 0.39 (fit) 

< 0.059 2.96 (0.99) 0.12 ± 0.02 ± 0.04 



TABLE I: Electromagnetic Branching Fraction Ratios 

The low mass of the D s o(2317) and -D s i(2460) has prompted speculation that these 
states are exotic. Possibilities include DK molecules B0S, 

D s n molecules and 

tetraquarks [35|, |38|, |39j, |40j, |4l|, |42j, |43J. The proposal that these are DK molecules, in ad- 
dition to resolving the discrepancy with model predictions of the masses, could potentially 
explain why the hyperfme splitting between the _D s o(2317) and -D s i(2460) is equal to the hy- 
perfine splitting of the ground state D meson doublet to within a few MeV. This hypothesis 
can be tested using chiral perturbation theory. 

If the -D s o(2317) is a molecular bound state of D and K, then the typical three-momentum 
of its constituents is p = « 190 MeV, where // is the reduced mass and B is the 

binding energy. This means that both constituents are nonrelativistic. Corrections to the 
nonrelativistic approximation are ~ p 2 /m 2 K ~ 0.16. For a nonrelativistic bound state, the 
decay rate can be expressed as a product of the wavefunction at the origin and a transition 
matrix element involving its constituents. For example, if the _D s o(2317) is a bound state of 
D and K, then the electromagnetic decay amplitude for the _D s o(2317) is 

M[D s0 (2317) - D* sl ] oc J d 3 p\^(p)\ 2 M[D(p)K(-p) - D* sl ) 

oc \^(0)\ 2 M[DK -> D*j]. 

Here ip(p) is the momentum space wavefunction and t/>(0) is the position space wavefunction 
at the origin. In the last line the matrix element Ai[DK — > D*j] has been expanded to 
lowest order in p. To calculate ^(O) requires detailed knowledge of the mechanism that 
binds the DK into a composite hadron. Such a calculation is necessarily nonperturbative. 
However, this factor cancels out of the ratios in Table 1. The experimentally observed 
branching ratios are then determined by ratios of the amplitudes for D^K — > Dg 7 and 
D&K -> D^tt at threshold. These were computed using HH^PT in Ref. |17| |. 

The diagrams for electromagnetic and strong decays are shown in Figs. and re- 
spectively. The diagrams in Figs. 2b and 2c only contribute to the P-wave channel so the 
entire contribution to the strong decay comes from the graph in Fig. 2a. Dashed lines are 
Goldstone bosons, wavy lines are photons and the double lines are heavy mesons. The blob 
represents the bound state wavefunction and the cross represents the isospin violating 7r° — 77 
mixing term. The coupling of heavy mesons and Goldstone bosons to photons comes from 
gauging the kinetic terms in the HH^PT Lagrangian and the coupling of the heavy mesons 
to Goldstone bosons is proportional to the axial coupling, g, of the heavy mesons. This 
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FIG. 1: Leading order diagrams for D^K bound states decaying into .Dg 7. The shaded oval 
represents the D^K bound state wavefunction. 



FIG. 2: Leading order diagram for D^K bound states decaying into D^ir . The dashed line 
from the bound state is a K, the dashed line in the final state is an r\ which mixes into a it . 

coupling is known from the strong decay of the D*. At this order the molecular scenario 
makes predictions for the electromagnetic branching fraction ratios, which are shown in the 
column labeled "Molecule" in Table 1. The results depend on two par ameters: g and the 
Goldstone boson decay constant, /. In this calculation g = 0.27 [44]. At lowest order, 
f = f n = fx = fr/ but SU(3) breaking leads to different decay constants for pions, kaons 
and etas. In the calculation of the electromagnetic decays, f = fx = 159 MeV is used since 
these decays involve kaons only. Two different values of / are used in the calculation of 
the strong decays. The first number in the second column of Table 1 corresponds to using 
/ = f v = 171 MeV and the number in the parenthesis corresponds to using / = f„ — 130 
MeV. The difference gives a crude estimate of the uncertainty due to higher order SU(3) 
breaking effects. Because the matrix element squared for the strong decay is ~ f~ A , the 
magnitude of the branching fraction ratios is highly uncertain. However, even allowing for 
this considerable uncertainty, the electromagnetic branching fraction ratios are badly over- 
predicted in the molecular scenario. The branching fraction ratios are proportional to g 2 , 
so larger values of g which are sometimes used in the literature will lead to even larger 
disagreement with experiment. Also, the relative sizes of the branching ratios is qualita- 
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tively incorrect. The ratio r[ J D,i(2460) -> ZVy]/r[.D fl i(2460) -> Z^vr ] is predicted to be the 
smallest rather than the largest as is experimentally observed. The molecular hypothesis is 
in disagreement with the data on electromagnetic decays. 

An alternative approach is to use heavy quark symmetry to relate the electromagnetic 
decays and strong decays. At the level of HH\RT this is implemented by adding the excited 
J p = + and J p = 1 + states to the Lagrangian by hand in a manner consistent with heavy 
quark symmetry [45j]. A single operator in the HH\RT Lagrangian mediates all three elec- 
tromagnetic decays and another operator mediates the two strong decays of the excited D 
mesons, so the electromagnetic branching ratios can be predicted in terms of a single param- 
eter which is fit to the observed value of r[L> s i(2460) -»■ D s ^]/T[D sl (2460) -> D*n°] [17]. 
The heavy quark symmetry prediction appears in the column labeled "HQS" in Table 1. The 
other two ratios can then be predicted. The first error is due to experimental uncertainty 
in r[D sl (2460) -> D s y]/T[D sl (2460) -> £>*7r°], the second error is a 30% uncertainty due to 
0(Aqcd/^c) corrections to heavy quark symmetry. The experimental upper bounds on the 
unobserved branching ratios are below the predicted central values but are within expected 
errors. 



III. CHARMED MESON MASSES IN HHxPT 

Experiments also claim to observe the nonstrange partners of the D sQ (2317) and 
£> s i(2460) 0, 3 13- The J p = 0+ and J p = 1+ nonstrange charm mesons are above 
the threshold for isospin conserving strong decays into Dtt which makes these states much 
broader than their nonstrange counterparts. The experimental average for the mass of the 
Dg( J p = 0+) is 2308 ± 36 MeV, and the mass of the J p = 1+) is 2438 ±31 MeV. The 
SU(3) splitting of the excited charm mesons is 9 ± 36 MeV for the J p = + mesons and 
21 ± 31 MeV for the J p = 1 + mesons. This is surprising because typically SU (3) splittings 
between strange and nonstrange particles is ~ 100 MeV. 

Ref. 0| made the first attempt to address this problem within the framework of HHxPT. 
These authors calculated Am u / d — Am s , where Am u / d is the splitting between the spin- 
averaged mass of the even-parity and odd-parity heavy meson doublets in the nonstrange 
sector, while Am s is the analogous quantity in the strange sector. Numerically, Am s = 348 
MeV while Am u /d ~ 430 MeV. The calculation of Ref. [l8| works in the heavy quark limit 
so all ~ l/m c suppressed operators are neglected. A linear combination of SU(3) breaking 
counterterms contributing to Am u /d — Arru is fixed from lattice calculations of the quark 
mass dependence of Am u /d — Am s . Ref. then finds Am u /d — Am s « —100 MeV, which 
has the wrong sign! 

Recently, Ref. [l^ improved upon the calculation of Ref. l|| by systematically including 



all 0(l/m c ) and SU(3) breaking counterterms. Unfortunately this leads to a large number 
of free parameters appearing in the one loop calculation. These were determined by fitting 
to the observed spectrum. Two fits were performed in Ref. lbl . The first used the value 



of g extracted from Ref. |44|. Another axial coupling, h, was extracted from a tree level 
fit to the widths of the excited nonstrange charm mesons (ItT |. For these values of g and 
h, the fit systematically underpredicts the excited nonstrange meson masses, similar to 
the result of Ref. [lij . However, the extractions of g and h use calculations that make 
different approximations than are used in the one loop mass calculations. Therefore, those 
values of g and h may not be the correct parameters for the mass calculation. In the 
second fit of Ref. fl9l ]. the couplings g and h were treated as free parameters. This fit 
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is highly underconstrained and it is possible to find regions of parameter space where the 
observed spectrum can be reproduced. However, in these fits some of the 0(l/m c ) suppressed 
operators have uncomfortably large coefficients. The SU(3) splitting of the excited states 
remains puzzling in HH^PT. An alternative approach is to extend the quark model to include 
couplings to the DK continuum and try to explain the spectrum via the coupled channel 

effect iJaBEBUlliil. 

Parity doubling models (2(1 21, HH of heavy hadrons make a tree level prediction 



that the axial couplings and hyperfine splittings of the even- and odd-parity doublets are 
equal. The prediction for the hyperfine splittings of the charm strange mesons is in good 
agreement with data while the uncertainties in the masses of the nonstrange excited charm 
mesons are too large to test this prediction. The analysis of Ref. 0| reveals that the region 
of HHxPT parameter space predicted by the parity doubling model is invariant under the 
renormalization group flow of HH^PT at one loop. It is encouraging to see that the parity 
doubling predictions are robust at the one loop level. Data is currently not accurate enough 
to test parity doubling model predictions for axial couplings 17, 19^ . 



IV. STRONG PENTAQUARK DECAYS 

In this section I briefly describe the results of Ref. |25[ which applied heavy baryon chiral 
perturbation theory [24j to the strong decays of exotic pentaquarks in the 10 representation. 
The exotic pentaquarks in the 10 are the B + , S and H + . Various experiments have 
reported evidence for the + while evidence for the exotic cascades comes from the NA49 
experiment [?} ■ There are also several experiments that do not see the pentaquarks . The 
allowed two-body strong decays for these states are 

0+ -f P K°,nK + S" -> E-7T- TTK- H+ -> E°ir + , . 

All these decays are related by 577(3). Only two-body decays are kinematically allowed for 
the + while the S's should also have multi-body decays. There are experiments claiming 
to see the B + in both pK° and nK + channels. The NA49 experiments has only seen the 
5 state in the H _ 7r~ channel. 

Of course the primary experimental problem regarding the 6 + and exotic S's is firmly 
establishing whether or not these states actually exist. If the pentaquarks are confirmed, the 
most important experimental problem will be to determine their angular momentum and 
parity quantum numbers, J p , which can distinguish between various pentaquark models. 
The most commonly discussed method is to measure production of the + in polarized 
pp collisions near the production threshold H3| • Currently, experimental data on this 
process is unavailable. 

The main point of Ref. 25|| is that interesting constraints on J p can be obtained by 



measuring two-body decays of the exotic members of the 10 multiplet. The J p quantum 
numbers of the pentaquark determine the angular momentum, L, of the pion or kaon emitted 
in the decay. The rates are proportional to an SU(3) Clebsch-Gordan coefficient times a 
phase space factor, 



p 2L+1 (L^O), E p (L = 0), 

where p is the three-momentum and E is the energy of the pion or kaon emitted in the 
decay. Therefore, the ratio r[S — ► £~ K~]/T[E — > E~ti~], for example, is determined 
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1- 

2 



2 



' 2 



3~ 
2 




r(~°_^s+^-) 



1.2 ±0.4 



3.1 ±0.9 



4.7 ± 1.4 



1.1 ±0.3 



2.9 ±0.9 



4.2 ± 1.3 



r(5-) 
r(e+) 



> 1.8 ±0.5 



> 5.3 ± 1.6 



> 14. ±4. 



TABLE II: Exotic Pentaquark Decay Ratios for various J p 



entirely by SU(3) and kinematic factors. Results for some interesting ratios are given in 
Table 2. Lower bounds on the ratio of the total widths of two exotic pentaquarks are also 
shown. These are lower bounds because the H's can have multi-body decay modes while 
the width of the 9 + is saturated by two-body decays. The errors quoted are 30%, which 
is the typical size of SU(3) breaking. The ratios T[S — > £~ K~}/r[3 — > 2~7r~] and 
r[S° — > Il + K^]/r[S — > 2~7r + ] can discriminate between J P = \ and J p = ~ , which are 
the most common quantum number assignments that appear in existing pentaquark models. 
If one finds that r[H~ ],r[5+] < lOr[0+], then J p = |~ and J > § can be ruled out. 

V. CONCLUSION 

In this talk I described applications of chiral perturbation theory to the strong interactions 
of newly discovered hadrons. HHxPT was applied to the electromagnetic and strong decays 
of the _D s o(2317) and .D sl (2460). Existing data is consistent with heavy quark symmetry 
predictions and is inconsistent with a molecular interpretation of these states. The 577(3) 
splitting of the excited even-parity charm mesons is puzzling. The one- loop HHxPT formulae 
for the mass spectrum contains a large number of free parameters from l/m c operators and 
axial couplings that are not well determined, so it is not possible to make predictions for 
the spectrum. 

Parity doubling models make the prediction that the axial couplings and hyperfine split- 
tings of the even-parity and odd-parity heavy mesons are equal. This was shown to hold 
at one loop order. The hyperfine splittings of the charm strange mesons are in agreement 
with this prediction. Currently data is not accurate enough to seriously constrain the axial 
couplings of the excited states. It would be interesting to obtain lattice calculations of these 
couplings to test the parity doubling scenario as well as reduce theoretical uncertainty in 
HHxPT calculations. It would also be interesting to observe the even-parity excited bottom 
strange mesons, who are also also predicted to lie below the kaon decay threshold ll| and 
should therefore be quite narrow. 

Finally, I discussed SU(3) predictions for the strong decays of exotic pentaquarks and 
showed how these can be used to constrain their J p quantum numbers. 
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